In both prokaryotic and eukaryotic cells, most membrane proteins are co-translationally inserted into the membrane with the aid of Sec-type translocons 1 . Although the energetics of membrane insertion is now well understood 2-4 , dynamic aspects have received little attention. We reasoned that direct dynamic information on the insertion process might be obtained if local forces acting on a hydrophobic segment in the nascent polypeptide chain could be measured as a function of the segment's location in the ribosome-translocon complex. To detect such forces during co-translational integration of membrane proteins into the inner membrane of Escherichia coli and the mammalian endoplasmic reticulum (ER) membrane, we decided to explore the possible utility of so-called translation-arrest peptides 5 as natural force sensors.
a r t i c l e s
In both prokaryotic and eukaryotic cells, most membrane proteins are co-translationally inserted into the membrane with the aid of Sec-type translocons 1 . Although the energetics of membrane insertion is now well understood [2] [3] [4] , dynamic aspects have received little attention. We reasoned that direct dynamic information on the insertion process might be obtained if local forces acting on a hydrophobic segment in the nascent polypeptide chain could be measured as a function of the segment's location in the ribosome-translocon complex. To detect such forces during co-translational integration of membrane proteins into the inner membrane of Escherichia coli and the mammalian endoplasmic reticulum (ER) membrane, we decided to explore the possible utility of so-called translation-arrest peptides 5 as natural force sensors.
Arrest peptides have been identified in both prokaryotic and eukaryotic proteins. SecM is a prokaryotic periplasmic protein harboring an arrest peptide that helps to regulate the expression of the co-transcribed translocation-motor protein SecA 6 . During translation of SecM, the arrest peptide causes efficient ribosome stalling by blocking the incorporation of a crucial proline residue into the elongating nascent chain 7 . There is strong support for the idea that stalling is prevented if an external 'pulling force' is exerted on the nascent chain at the precise point when the ribosome reaches the crucial proline residue at the end of the arrest peptide [7] [8] [9] [10] [11] [12] [13] . During SecYEG-mediated translocation of SecM into the periplasm, the pulling force needed to overcome the translational arrest and reactivate peptide bond formation at the peptidyl transferase center is thought to be supplied by SecA 7 .
We hypothesized that an additional pulling force might be generated when a hydrophobic segment transits through the translocon, because membrane integration of transmembrane helices is driven by a substantial free-energy gradient between the translocon channel and the surrounding membrane 3, 14 . To detect such a force, we engineered two different SecM arrest peptides into a model inner membrane protein and studied the constructs by pulse-chase analysis in live E. coli cells. Additionally, we analyzed similar constructs incorporating the mammalian Xbp1 arrest peptide 15 by in vitro translation in the presence of dog pancreas rough microsomes.
RESULTS

The Lep-SecM model system
We first introduced the shortest known arrest peptide, the 8-residue sequence HAPIRGSP from Mannheimia succiniciproducens (Ms) SecM 16 , as well as the related, 17-residue arrest peptide FSTPVWISQAQGIRAGP from E. coli (Ec) SecM 17 , near the C terminus of leader peptidase (Lep), a well-characterized E. coli inner membrane protein with two N-terminal transmembrane α-helices (TM1 and TM2) and a large C-terminal periplasmic domain 18 ( Fig. 1a) . In addition, we placed 19-residue leucine-alanine-based segments of varying hydrophobicity (H segments; see Supplementary  Tables 1 and 2 for sequences of H segments and arrest peptides) flanked by GGPG…GPGG tetrapeptides 2 in the C-terminal domain at different distances (L) upstream of the arrest peptide. Our expectation was that a force exerted on the H segment at the point when the ribosome reaches the crucial proline residue at end of the arrest peptide could be detected as an increase in the amount of full-length Lep-SecM protein. By varying L and the composition of the H segment, we could analyze how the pulling force varies both with the location of the H segment in the ribosome-translocon nascent chain conduit and with H-segment hydrophobicity. Membrane-insertion efficiencies into both the ER and the E. coli inner membrane have been measured previously for a large panel of H segments inserted into the Lep protein 2, 3, 14 , allowing a direct comparison between insertion efficiency and pulling force.
The SecM(Ms) and the SecM(Ec) arrest peptides induced efficient translation arrest of the Lep-SecM constructs, and hence there was no detectable pulling force on the nascent chain, when the crucial proline residue in the arrest peptides was located L = 63 residues or 72 residues downstream of a strongly hydrophobic, transmembrane (6L/13A) H segment (Fig. 1b) . Presumably, this is because the transmembrane segment has already been integrated into the membrane at the time of arrest so that the C-terminal part of the protein is not pulled on by SecA or other components of the translocation machinery; this is in agreement with what was suggested previously for a SecM construct in which a transmembrane segment was placed 75 residues upstream of the arrest peptide 8 . When the two arrest peptides were inactivated by mutating the crucial proline residue to alanine 11, 16 , only non-arrested, full-length Lep-SecM chains were seen. Precipitation of the arrested form of Lep-SecM(Ms) with cetyltrimethylammonium bromide showed that the tRNA remained attached to the nascent chain (Supplementary Fig. 1a) , as expected for a stalled, ribosome-bound translation intermediate 17 . Both the full-length and the arrested forms were membrane-integrated, as shown by cell fractionation (Supplementary Fig. 1b,c) . Induction of synthesis of the arrested form of Lep-SecM(Ms), but not of the non-arrested proline-to-alanine mutant, caused accumulation of the precursor form of the SecAYEG-dependent outer-membrane protein OmpA (Fig. 1c) , suggesting that arrested Lep-SecM(Ms) ribosome nascent chain complexes block access of the precursor form of OmpA to SecYEG and, hence, are stalled in a translocon-bound state.
A pulling force is generated during membrane insertion By varying L, we next mapped the force exerted on the arrest peptide in Lep-SecM(Ms) for different locations of the (6L/13A) H segment in the ribosome-translocon nascent chain conduit. We observed efficient translation arrest, except for a region between L = 25-45 residues, where the fraction of non-arrested, full-length protein (f FL ) is markedly increased (Fig. 2a, red curve) . The force profile is biphasic, with local maxima at L ≈30 residues and L ≈40 residues, indicating a strong pulling force at two distinct stages during translocation. We observed only marginal increases in f FL for constructs with a less hydrophobic (0L/19A) H segment (brown curve).
To control for possible sequence-specific influences of the linker region between the H segment and the arrest peptide, we made constructs in which the linker was shortened from its N-terminal end (blue curve) instead of its C-terminal end ( Supplementary Fig. 2a-c) . The two force profiles coincide, except for L = 33-35 residues and L = 42-50 residues, where the C-terminally truncated constructs produce less full-length protein. These results imply that the biphasic shape of the force profile is determined by the location of the H segment relative to the arrest peptide, and that residues outside the minimal HAPIRGSP arrest peptide can, to some extent, modulate its overall arrest potency.
The force profile was conserved when we deleted 10 residues in the loop between TM2 and the H segment ( Supplementary Figs. 2b  and 3a) , showing that the location of the arrest peptide relative to the TM1-TM2 region is unimportant. Replacement of TM2 by an engineered (8L/11A) segment did not affect f FL at L = 39 residues ( Supplementary Fig. 3a ), indicating that f FL is independent of the sequence of TM2. Finally, deletion of the TM1-TM2 region in Lep-SecM(Ms) (6L/13A, L = 39) to prevent co-translational targeting to the SecYEG translocon 19 resulted in efficient arrest ( Supplementary  Fig. 3a) , showing that the increase in f FL is specific for translocating nascent chains.
We introduced a mutation that is present in a version of the SecM(Ec) arrest translation peptide with increased arrest potential (Sup1) 10, 16 into SecM(Ms) (HPPIRGSP, mutation underlined). This resulted in a force profile in which the local maximum at L ≈30 residues was almost completely suppressed ( Fig. 2a, black curve) ; hence, the force exerted on the nascent chain is weaker at L ≈30 residues than at L ≈40 residues. The width of the peak at L ≈40 residues was reduced to only 4 residues in Lep-SecM(Ms-Sup1), showing that maximal pulling force is exerted only at a precisely defined point during translocation.
We repeated the experiment shown in Figure 2a using the SecM(Ec) and the mutant SecM(Ec-Sup1) arrest peptides together with the (6L/13A) H segment ( Fig. 2b; see Supplementary Fig. 2d for sequences). The wild-type SecM(Ec) arrest peptide has a weaker arrest potential than the SecM(Ec-Sup1) and SecM(Ms) arrest peptides 10 . The shapes of the force profiles obtained with the SecM(Ms) a r t i c l e s npg a r t i c l e s and SecM(Ec) wild-type and mutant arrest peptides are qualitatively similar, although the two-peak pattern cannot be resolved with the weaker SecM(Ec) wild-type arrest peptide.
To ascertain the generality of the results obtained in E. coli, we performed similar experiments in a mammalian in vitro translation system supplemented with dog pancreas rough microsomes, using an arrest peptide from the Xbp1 protein 15 (Fig. 2c and Supplementary  Fig. 3b ). Although the Xbp1 arrest peptide is weak, there is a clear maximum in f FL at L ≈40 residues. The Xbp1 arrest peptide itself is 25 residues long, and the GPGG stretch flanking the C-terminal end of the H segment adds another 4 residues ( Supplementary  Fig. 2e) ; therefore, we could not study constructs with L < 29 residues and hence cannot say whether there is a second peak in the force profile at small L values in this case.
The pulling force increases with H-segment hydrophobicity
What is the relationship between pulling force and H-segment hydrophobicity? To address this question, we made Lep-SecM(Ms) constructs with H segments of composition (nL/(19 -n)A), and varied n from 0 to 11 while keeping L constant at the local maxima of the force profiles in Figure 2a ; that is, L = 28 residues and 39 residues. For both values of L, f FL increased linearly from background levels for n ≤ 2, and plateaued at n ≥ 7 (Fig. 2d) . The block in OmpA export noted in Figure 1c is inversely related to f FL in this experiment (Supplementary Fig. 4) . By way of comparison, the threshold for 50% insertion of (nL/(19 -n)A) H segments into the inner membrane of E. coli is n ≈1.5 (ref. 14) . The pulling force on the arrest peptide is therefore apparent only for H segments with membrane-insertion efficiencies >50%. We performed the same analysis using the SecM(Ec) arrest peptide at L = 39 residues. The dependency of f FL on n parallels that seen for the SecM(Ms) arrest peptide, except that the background level of f FL for n ≤ 2 was higher (Fig. 2d) . These results show that the hydrophobicity of the H segment is the main contributor to the force profiles and, together with results reported in Supplementary  Figure 5 , imply that SecA is unlikely to have a significant influence.
To better understand the molecular interactions responsible for the biphasic nature of the force profile, we introduced either a charged arginine or a helix-breaking proline residue in the N-terminal, middle or C-terminal part of an H segment of composition (6L/12A/1X; X = R, P), and analyzed these mutations in Lep-SecM(Ms) at the L = 30 residues and L = 39 residues force-profile maxima (Supplementary Fig. 6a ). At L = 30 residues, arginine reduced f FL when placed near the N terminus of the H segment, but it had little effect when placed in the middle or near the C terminus. In contrast, for L = 39 residues, the arginine mutation maximally reduced f FL when placed in the middle but not when placed near the ends of the H segment. This suggests that the local maximum in the force profile at L = 30 residues is caused by a hydrophobic interaction involving the N-terminal end of the H segment, whereas the maximum at L = 39 residues depends mostly on the hydrophobicity of the H segment's central part. Proline, in contrast, markedly reduced f FL only when placed in the middle of the arrest peptide, both for L = 30 residues and L = 39 residues. As proline is a strong helix breaker 20 , the simplest interpretation is that the H segment needs to be in a helical conformation to generate a strong pulling force.
Location of the H segment in the translocon
Although it is difficult to determine the precise location of the H segment in the ribosome-translocon conduit in E. coli at different values of L, this can be done for the in vitro-translated Lep-Xbp1 constructs using glycosylation mapping. This approach rests on the observation that the asparagine residue in an Asn-X-Thr/Ser acceptor site for N-linked glycosylation must be ~15 residues away from the N-terminal end of a membrane-integrated transmembrane H segment to reach the lumenal active site of the oligosaccharyl transferase in the ER and become half-maximally glycosylated 21, 22 . 
npg a r t i c l e s
We introduced two glycosylation acceptor sites (G1 and G2) in the loop between TM2 and the H segment in Lep-Xbp1 (6L/13A) (Fig. 3a) . G1 is sufficiently far away from both TM2 and the H segment to always be glycosylated, and it serves as a marker for the lumenal location of the loop. We varied the position of G2 relative to the H segment to determine the point of half-maximal glycosylation (the 'minimal glycosylation distance' (MGD)). Translation of Lep-Xbp1 (6L/13A, L = 29) yielded a mixture of full-length and arrested products (Fig. 3b) , and the amounts of singly and doubly glycosylated chains varied as the G2 site was moved relative to the H segment. From the quantifications shown in Figure 3c , the fulllength product (red curve) had MGD = 15 (the same value obtained for a construct with a mutated, nonfunctional arrest peptide (Fig. 3c , black curve, and Supplementary Fig. 6b ), whereas the arrested product had MGD = 22 (Fig. 3c, dark blue curve) . Truncation of the mRNA after the last codon of the arrest peptide to produce a stalled-ribosome nascent chain translocation intermediate similar to the arrested form also yielded MGD = 22 (Fig. 3c , purple curve, and Supplementary Fig. 6c ). The same truncation of the mRNA encoding Lep-Xbp1 (6L/13A, L = 41) yielded MGD = 16 (Fig. 3c , light blue curve, and Supplementary Fig. 6d) . Thus, the H segment extends fully into the translocon in Lep-Xbp1 (6L/13A, L = 41), whereas, in Lep-Xbp1 (6L/13A, L = 29), its N-terminal end is 22-15 = 7 residues away from the lumenal membrane-water interface (Fig. 3d, II and III). We have found previously that a 65-residue, extended nascent chain can reach from the ribosomal peptidyl transferase center (PTC)
to the active site of the oligosaccharyl transferase 23, 24 (Fig. 3d, IV) . For Lep-Xbp1 (6L/13A, L = 29) and Lep-Xbp1 (6L/13A, L = 41), the corresponding values are 70 residues and 76 residues (Fig. 3d) . Thus, the nascent chain is not fully extended in either construct, probably because the H segment is at least partly helical.
DISCUSSION
Using two different bacterial arrest peptides and one mammalian arrest peptide as force sensors, we have been able to track forces acting on a nascent chain during the co-translational integration of a transmembrane segment into the inner membrane of E. coli and the mammalian ER membrane. From the data presented in Figures 2 and 3 , we conclude that a strong, biphasic pulling force acts on nascent chains containing a sufficiently hydrophobic H segment, with maxima when the C-terminal end of the H segment is L ≈30 residues and L ≈40 residues away from the C-terminal residue in the arrest peptide. The force is weaker at L ≈30 residues than at L ≈40 residues. The force is seen only for (nL/(19 -n)A) H segments for which n ≥ 2 and is directly proportional to n over the interval 2 < n < 7. At L ≈30 residues, the force is sensitive to a reduction in the hydrophobicity of the N-terminal but not the middle and C-terminal parts of the H segment, whereas at L ≈40 residues the middle part of the H segment is the most crucial; in both cases, placing a helix-breaking proline residue in the middle part reduces the force. Finally, at L ≈30 residues only the N-terminal end of the H segment reaches into the translocon, whereas at L ≈40 residues the H segment spans the membrane. The distance between the ribosomal PTC and the tunnel exit is ~100 Å 25, 26 , and a gap of ~20 Å is present between the ribosomal exit tunnel and the SecYEG translocon channel 27 . The translocon channel itself is estimated to be ~40 Å long 28 , giving a total distance of ~160 Å from the PTC to the lumenal interface of the ER membrane. Aa, amino acids.
npg
The biphasic nature of the force profiles suggests that the transloconto-membrane transition of the H segment proceeds through at least two distinct steps (Fig. 4) . What could be the nature of these steps? The peak in the force profile at L ≈40 residues is likely to correspond to a step in which the H segment partitions from the translocon into the surrounding membrane. At this point, the H segment extends fully into the translocon. The pulling force increases with the hydrophobicity of the H segment and is reduced by the introduction of a charged arginine residue in the center, but not near the ends, of the H segment (as is the efficiency of membrane insertion 3 ). Further, the pulling force is reduced by the introduction of a central proline residue, suggesting that an α-helical conformation of the H segment is crucial. We estimate that the physical length of the H segment is ~28 Å at this point, corresponding to a 100% α-helical conformation (Fig. 3d, III) .
The peak at L ≈30 residues corresponds to a situation in which only the most N-terminal part of the H segment has entered the translocon channel or is interacting with the lipid surface in the immediate vicinity of the translocon (Fig. 3d, II) . Consistent with such a location, the introduction of an arginine residue in the N-terminal, but not in the middle or C-terminal, part of the H segment strongly reduces the pulling force. Given its estimated length of ~45 Å, the H segment seems to be ~50% helical. This points to the existence of an early interaction between the H segment and the translocon, distinct from the membrane-integration step.
More generally, our results show that SecM arrest peptides can be used as in vivo force sensors to study the behavior of nascent polypeptide chains coming off the ribosome. By varying the strength of the arrest peptide, it is possible to vary the 'spring constant' of the force sensor and fine-tune the system to react at different force levels; natural examples of such fine-tuning may be provided by the MifM arrest peptide, which monitors YidC-mediated insertion of inner membrane proteins in Bacillus subtilis 9 and by the exquisite adaptation between the signal peptide, arrest peptide and overall chain length recently uncovered for E. coli SecM 10 . The approach should be applicable to the study of a range of co-translational processes, including protein folding and interaction of nascent chains with chaperones, molecular motors and other binding partners.
METHODS
Methods and any associated references are available in the online version of the paper. 
